ABSTRACT Several transcription factors are involved in regulating lipid metabolism in various animal tissues. Peroxisome proliferator-activated receptor (PPAR) γ and PPARα regulate lipogenesis and fatty acid oxidation. Gene fragments for PPARγ, PPARα, and acyl-coenzyme A oxidase (ACO) have been cloned in turkeys, and the sequences of these genes were highly homologous to those of chickens, pigs, and humans. Data showed that turkey PPARγ and PPARα were highly homologous (>97%) with that of the chicken, indicating the genetic relationship between those two species was close. The tissue distribution and genetic effect on mRNA concentrations of PPARγ, PPARα, and ACO in two genetic populations of turkeys [randombred control (RBC2) and growth
INTRODUCTION
Peroxisome proliferator-activated receptor γ (PPARγ) is involved in initiating adipocyte differentiation and increased fat deposition (Tontonoz et al., 1993; Hua et al., 1995) . The PPARγ mRNA is expressed in selected tissues with high concentrations in adipose tissue, particularly for the PPARγ2 isoform (Houseknecht et al., 1998) . Peroxisome proliferator-activated receptor α (PPARα) is involved in fatty acid (FA) oxidation by upregulating the expression of the acyl-coenzyme A (CoA) oxidase (ACO) and carnitine palmitoyltransferase enzymes (Osumi et al., 2003 Poultry Science Association, Inc. Received for publication April 19, 2002 . Accepted for publication August 23, 2002. 1 This work is also a publication of the USDA/ARS Children's Nutrition Research Center, Department of Pediatrics, Baylor College of Medicine, Houston, Texas. This project has been funded in part with federal funds from the USDA/ARS under Cooperative Agreement No. 58-6250-6001. The contents of this publication do not necessarily reflect the views or policies of the USDA, nor does mention of trade names, commercial products, or organizations imply endorsement from the U.S. government. 2 To whom correspondence should be addressed: sding@ccms. ntu.edu.tw. 17 selected (F line)] was determined. The PPARγ mRNA was highly expressed in adipose tissue in both populations, but there was no difference between the two populations. The PPARα mRNA concentration was high in the liver with less expression in adipose tissue and skeletal muscle. The PPARα mRNA concentration was similar between the two genetic populations. The ACO mRNA was expressed in adipose tissue, skeletal muscle, and liver with no difference between the genetic populations. The data suggest that both turkey liver and adipose tissue have considerable capability for fatty acid oxidation and synthesis. Long-term selection for increased 16-wk BW in the F line had no effect on the expression of PPARγ, PPARα, and ACO.
1987; Bell et al., 1998; Pineda Torra et al., 1999) . In rodents, PPARα is highly expressed in tissues with considerable rates of fatty acid utilization, such as the liver, kidney, and heart (Kliewer et al., 1994; Braissant et al., 1996; Bell et al., 1998) . The transcripts for PPARα, PPARγ, and ACO are highly expressed in porcine adipose tissues probably reflecting the considerable rates of anabolic and catabolic FA and lipid metabolism (Ding et al., 2000) . These transcripts are also highly expressed in the liver, heart, and kidney of chickens (Diot and Douaire, 1999) .
In modern commercial turkey strains, growth rate and breast muscle development are very important. At the Ohio Agricultural Research and Development Center (OARDC), Nestor (1984) selected a turkey line with fast growth rate based on 16-wk BW (F line) from a randombred control line (RBC2). These two turkey lines utilize nutrients at different rates to support their growth. Bacon et al., (1986) observed that the abdominal fat pad and carcass percentage were larger in the F line than the RBC2 line. Data reported by Ding et al. (1995) showed that the F line and RBC2 are different in FA utilization during embryonic development (Ding et al., 1995) . It is not known whether the metabolic differences observed between the two lines is reflected in expression of genes related to FA metabolism.
Based on the data of Bacon et al. (1986) and Ding et al. (1995) , it was hypothesized that the F line turkeys have greater capacity to utilize lipids than the RBC2 line. Since the gene sequences for turkey PPARγ, PPARα, and ACO are not known, one objective of the present study was to clone these turkey gene fragments and compare them with other species. Another objective was to determine the effects of genotypes on the mRNA concentrations of PPARγ, PPARα, and ACO in various tissues of turkeys from the F and RBC2 lines.
MATERIALS AND METHODS

Animals
The two lines of turkeys, RBC2 and F, were raised at OARDC at The Ohio State University. The RBC2 line was originally formed from reciprocal crosses of two commercial strains (Nestor et al., 1969) , whereas the F line was developed by selection for increased 16-wk BW over many generations (Nestor et al., 1988 . The two lines are significantly different in BW at 8 to 20 wk of age (Nestor, 1984) . The F line turkeys have been selected for increased 16-wk BW over 35 generations at the time of sampling. Turkeys were fed standard turkey diets (Naber and Touchborn, 1970) ad libitum until slaughter at 16 wk of age. Five male turkeys from each line were killed in a fed state. The protocol was approved by the Ohio State Animal Care and Use Committee. The average BW for the five male RBC2 and five F line turkeys at 16 wk of age were 13.5 and 17.9 kg, respectively. Liver, muscle (breast and leg), and adipose tissue from the abdominal fat pad were quickly dissected, frozen in liquid nitrogen, and stored at −70 C until extraction for total RNA. Total RNA was extracted by the guanidinium-phenol-chloroform extraction method of Chomczynski and Sacchi (1987) , as described previously ).
Cloning of the Turkey Gene Fragments
Two micrograms of adipose tissue (for ACO and PPARγ) or liver (for PPARα) total RNA from one F line turkey was reverse transcribed at 42 C with a SuperScript II kit.
3 The transcribed cDNA was amplified by PCR for 36 cycles, using paired sense and antisense primers ( Table  1) . The conditions for PCR were denaturation at 94 C for 30 s (5 min in the first cycle), annealing for 30 s, and extension at 72 C for 2 min (12 min in the last cycle). The annealing temperatures for PPARγ, PPARα, and ACO were 58 C, 56 C, and 55 C, respectively. The PCR product for each gene was purified by gel electrophoresis and gel extraction. Sequences of these PCR gene fragments were determined at the Children's Health Research Center, Baylor College of Medicine, Houston, Texas 77030, using a modification of the Sanger et al. (1977) method with fluorescent dideoxy termination in an automated Applied Biosystems 373 DNA Sequencer. 4 The PCR products with correct gene sequences were cloned into pCR 4- TOPO, 5 and the cloned products were sequenced (forward and reverse) for verification. Sequence comparisons were performed with the Align Plus 2 software program. 
Northern Analysis
Plasmids containing turkey gene fragments were used for transcription of antisense RNA probes. The Strip-EZ T7 kit 7 was used to synthesize radioactive RNA probes for northern analysis to increase the sensitivity of the measurements. The protocol used was a modification of the manufacturer's instructions (Ding et al., 1999) . Total RNA (20 µg of each sample) was electrophoresed and transferred to nylon membranes. The membrane was prehybridized at 60 C in UltraHyb 5 for 30 min and then the denatured riboprobe (95 C for 10 min) was added at a concentration of 1 × 10 6 cpm/mL to hybridize with the targeted mRNA transcript overnight at 60 C. Following hybridization, the membrane was washed twice in 2X-SSC (300 mM NaCl, 30 mM sodium citrate, at pH 7.0) containing 0.1% SDS at 60 C for 5 min. The membrane was then washed twice in 0.2X-SSC containing 0.1% SDS for 15 min at 60 to 65 C (the washing condition was optimized for each probe; 60 C for PPARγ and 65 C for PPARα and ACO). All membranes were hybridized at the same time with a single probe so comparisons could be made between tissues and genetic populations. Transcripts were quantified by phosphor image analysis and each transcript was normalized to the value for the 18S ribosomal RNA (Ding et al., 1999) in that sample. The same membranes were stripped according to the manufacturer's directions 7 and then hybridized with different probes to determine transcript concentrations.
Statistical Analysis
The data for transcript concentrations were analyzed using a two-way ANOVA with genetic line and tissue as main effects. The interaction was tested and was not (Ding et al., 1999) , human (U63415), and mouse (U01664) was 97, 85, 85, and 84%, respectively. Chicken sequence was from 557 to 887 nt (Takada et al., 2000) , pig sequence was from 654 to 984 nucleotides (nt), human sequence was from 799 to 1,132 nt, and mouse sequence was from 1,041 to 1,371 nt. significant in any case. The means and pooled SD for each transcript are presented.
RESULTS AND DISCUSSION
The cloned PPARγ cDNA fragment was sequenced and the homology between turkey and chicken (AF163811), pig (Ding et al., 1999) , human (U63415), and mouse (U01664) was 97%, 85%, 85%, and 84%, respectively. The chicken sequence was from 557 to 887 nucleotide (nt) (Takada et al., 2000) , the pig sequence was from 654 to 984 nt, the human sequence was from 799 to 1,132 nt, and the mouse sequence was from 1,041 to 1,371 nt ( Figure  1 ). The turkey PPARγ sequence was very similar to that of chicken, confirming that genetically these two species are more closely related than either is to the mammalian species.
The cloned PPARα cDNA fragment was sequenced, and the homology between turkey and chicken (Diot and Douaire, 1999) , human (Mukherjee et al., 1994) , and rat (Goettlicher et al., 1992) was 98%, 83%, and 79%, respectively. The chicken sequence was from 1,214 to 1,806 nt (Takada et al., 2000) , the human sequence was from 938 to 1,530 nt, and the rat sequence was from 1,192 to 1,784 nt (Figure 2) . The homology between turkey and chicken FIGURE 2. Partial cDNA sequence for the turkey peroxisome proliferator-activated receptor α (PPARα). This fragment was obtained from turkey liver tissues. The boldface type sequences are primer sequences for the reverse transcriptase-PCR. The dots indicate the same nucleotides (nt). The homology between turkey and chicken (Diot and Douaire, 1999), human (Mukherjee et al., 1994) , and rat (Goettlicher et al., 1992) was 98, 83, and 79%, respectively. The chicken sequence was from 1,214 to 1,806 nucleotides (nt) (Takada et al., 2000) , the human sequence was from 938 to 1,530 nt, and the rat sequence was from 1,192 to 1,784 nt.
PPARα was very high, suggesting a close genetic relationship between the turkey and chicken.
The reverse-transcriptase-PCR products for turkey ACO were generated from turkey adipose tissue and liver RNA. They were 427 bp in length and sequence analysis showed that the homology between turkey and human (Fournier et al., 1994) , pig (Ding et al., 2000) , and rat were 78%, 85%, and 88%, respectively (Figure 3 ). The human sequence was from 59 to 485 nt and the rat sequence was from 119 to 545 nt.
The PPARγ gene was highly expressed in both turkey adominal fat pad adipose tissue and breast muscle and to a lesser extent in liver and leg skeletal muscle (less than 20% of that in adipose tissue; Figure 4 ; P < 0.01). The PPARγ transcript concentrations in the RBC2 and F line turkeys were similar in all four tissues.
The PPARα transcript was highly expressed in the livers of both turkey lines (Figure 4) . The PPARα mRNA concentration in the two skeletal muscles was much less than in the liver (less than 10% to that of liver). The PPARα mRNA concentration in the adominal fat pads was much less than in the liver (less than 5% to that of liver). There was no significant difference between the two genetic populations in the PPARα mRNA concentrations in any of the tissues measured. (Fournier et al., 1994) , pig (Ding et al., 2000) , and rat was 78, 85, and 88%, respectively. The human sequence was from 59 to 485 nucleotides (nt). The rat sequence was from 119 to 545 nt.
All four tissues expressed high ACO mRNA in both genetic populations of turkeys (Figure 4) . The ACO mRNA was less in the two muscle tissues than in the adominal fat pad and liver, suggesting a lower peroxisomal FA β-oxidation capacity in the muscle than that in the other two tissues. There was no genotype effect on the ACO mRNA concentration in any of the tissues measured.
General Discussion
The current study is the first research to partially clone turkey transcription factor PPARγ, PPARα, and the enzyme that catalyzes peroxisomal FA oxidation (ACO). The partial sequences of PPARγ and PPARα have very high homology to the chicken, indicating a close genetic relationship between the two species. They are also highly homologous with those from several mammalian species, suggesting comparable functions of these genes in the FIGURE 4. Turkey transcription factors and genes related to fatty acid metabolism in different tissues and genetic populations. Total RNA was isolated from abdominal adipose tissue (AF), breast muscle (BM), liver (L), and leg muscle (LM), obtained from 16-wk-old male RBC2 (R) or F line (F) turkeys. Twenty micrograms of total RNA was electrophoresed and transferred to nylon membranes. The membranes were hybridized with porcine riboprobes for various gene fragments. Transcripts for peroxisome proliferator-activated receptor α (PPARα), peroxisome proliferatoractivated receptor γ (PPARγ), acyl-coenzyme A oxidase (ACO), and 18S ribosomal RNA (18S) were measured. The data represent the average of five male animals from each line. The data for a given gene fragment were obtained from a single hybridization with a single probe so that data could be compared across tissues and turkeys. The data in each lane were corrected for the value of the 18S ribosomal RNA in that lane. Pooled SD is indicated by the bar in each graph. The right panel indicates the autoradiograms from representative northern blots for the tissues. The size of the primary transcript detected in turkey total RNA samples by each gene fragment was PPARγ = 1.9 kb, PPARα = 8.5 kb, ACO = 4.8 kb, and 18S = 1.9 kb. Statistics for PPARγ: line effect, P = 0.86; tissue effect, P < 0.01. Statistics for PPARα: line effect, P = 0.57; tissue effect, P < 0.01. Statistics for ACO: line effect, P = 0.48; tissue effect, P < 0.01. two vertebrate classes (Tontonoz et al., 1993; Hua et al., 1995; Bell et al., 1998) . The ACO sequence of the chicken is not available, but the sequence of turkey ACO had high homology with the human, pig, and rat sequences Fournier et al., 1994; Ding et al., 2000) , indicating a similar function of the gene as compared with mammalian species.
Adipocyte differentiation is a sequence of events that transforms a fibroblast-like cell into a rounded and much enlarged cell that contains a great amount of triacylglycerol. Some of the molecular controls regulating adipocyte differentiation have been established. The PPARγ is one of the strongest transcription factors that controls adipocyte differentiation (Tontonoz et al., 1993; Hua et al., 1995) . There are two subtypes of PPARγ, γ1 and γ2. In the human, mouse, and rat, the PPARγ2 transcript tends to be preferentially expressed in adipose tissue, whereas the PPARγ1 transcript tends to be expressed more ubiquitously (Chawla et al., 1994; Braissant et al., 1996; Auboeuf et al., 1997) . The fragment that was cloned in the current study belongs to both subtypes; therefore, the northern analysis is representative for the sum of the two subtypes. Both of the two subtypes are involved in regulating lipid metabolism. The PPARγ is involved in regulation of proteins involved in lipid accumulation in adipocytes. These proteins, including adipocyte FA-binding protein and lipoprotein lipase, are pivotal in increasing adipocyte hypertrophy. Data in the current study showed a high PPARγ transcript concentration in turkey adipose tissue and that selection for growth did not affect the PPARγ gene expression even though the F line deposits more fat than the RBC2 line .
The PPARα plays an important role in FA oxidation. It increases the expression of acyl-CoA synthase, a protein that catalyzes the formation of FA-CoA to commit the FA to further metabolic transformations (Schoonjans et al., 1995) . The PPARα also increases the expression of ACO and enoyl-CoA hydratase/dehydrogenase bifunctional enzyme, the enzymes that catalyze FA oxidation in peroxisomes (Dreyer et al., 1992; Tugwood et al., 1992; Zhang et al., 1992) . The current results indicated that PPARα is highly expressed in the turkey liver and to a lesser extent in muscle and adipose tissue. This observation in turkeys is similar to that in chickens (Diot and Douaire, 1999) , mice (Issemann and Green, 1990) , and humans (Schmidt et al., 1992) , indicating a strong peroxisomal FA oxidation machinary is available in the turkey liver. Growth selection in turkeys, however, does not affect the expression of PPARα.
The ACO enzyme is the rate-limiting enzyme for peroxisomal FA β-oxidation. Its expression is regulated by PPARα Bell et al., 1998) . This gene is expressed in all of the turkey tissues measured with the liver and adipose tissue mRNA concentrations higher than leg skeletal muscle and breast skeletal muscle. This result suggests that turkeys have considerable capacity for peroxisomal FA β-oxidation in both adipose tissue and liver. A genotype difference was not observed in the ACO mRNA concentration, suggesting growth selection did not change the expression of ACO transcript in turkeys.
The results of the present study established that PPARγ and ACO are highly expressed in turkey adipose tissue, whereas PPARα and ACO are highly expressed in turkey liver. The pattern of expression suggests that turkey adipose tissue and liver are two of the major tissues involved in lipogenesis and FA oxidation, respectively. The similarity of these gene transcript concentrations in RBC2 and F line turkeys indicates that selection for growth has not affected the expression level of these genes. This result does not exclude the possibility of the effect that growth selection may have on the genomic sequence changes of these genes, which would result in functional changes of these genes even though the expression level was not affected by growth selection. Takada et al. (2001) demonstrated that a single amino acid change of the chicken PPARα altered its binding characteristics on its ligands. Such a change of ligand binding characteristics is an indication of functional changes. Therefore, even though the expression levels were not affected by growth selection, the functions of these genes might be. To investigate the possible genomic mutations or protein function changes caused by growth selection in turkeys, a larger scale research to determine allelic polymorphisms and further studies to analyze specific protein structure and function are needed.
